Abstract. We report that leukotriene B4 (LTB4), a 5-lipoxygenase metabolite of arachidonic acid, is a potent suppressor of polyclonal Ig production in pokeweed mitogen (PWM)-stimulated cultures of human peripheral blood lymphocytes, while LTC4 and LTD4 have little activity in this system. Preincubation of T cells with LTB4 in nanomolar to picomolar concentrations rendered these cells suppressive of Ig production in subsequent PWM-stimulated cultures of fresh, autologous B + T cells. This LTB4-induced suppressor cell was radiosensitive, and its generation could be blocked by cyclohexamide but not by mitomycin C. The LTB4-induced suppressor cell was OKT8(+), while the precursor for the cell could be OKT8(-). The incubation of OKT8(-) T cells with LTB4 for 18 h resulted in the appearance of the OKT8(+) on 10-20% of the cells, and this could be blocked by cyclohexamide but not by mitomycin C.
Introduction
The leukotrienes are a recently discovered class of arachidonic acid metabolites that result from oxidation at the C-5 position (1) . This results in the production of a labile epoxide, leukotriene A4 (LTA4),' which in turn is converted to either LTB4 by enzymatic hydrolysis or to LTC4 by conjugation with glutathione. LTC4 is in turn converted to LTD4 and LTE4 (1) (2) (3) . The biologic potency of these compounds is impressive and diverse (1, 2) . LTC4, LTD4, and LTE4 are together the active components of the slow reacting substance of anaphylaxis (1) , while LTB4 has powerful chemoattractant and aggregating properties for neutrophils (4, 5) .
Because phospholipase A2 activation, the first step in arachidonic acid metabolism, is as ubiquitous a response to stimuli as is adenylate cyclase activation, it is safe to assume that the eventual list of biologic actions of the leukotrienes and other lipoxygenase metabolites of arachidonic acid will be considerably longer than it is today. One area that has been relatively uninvestigated is the action of leukotrienes on humoral and cellular immune responses. Webb et al. (6) reported that LTD4 and LTE4 in concentrations as low as 10-12 M caused >50% inhibition of phytohemagglutinin (PHA)-induced 3H-thymidine incorporation in mouse splenic T cells, while much higher concentrations (l0-' M) caused inhibition of the formation of antibody-forming cells against sheep erythrocytes in Mishell-Dutton cultures. In contrast, Payan and Goetzl (7) found no inhibition of human T cell proliferation in PHAstimulated cultures by LTC4 or LTD4, but did find a modest amount of inhibition with high concentrations (10-l-10-6 M) of LTB4. Rola-Pleszczynski et al. also reported a modest inhibition of PHA-stimulated mitogenesis in human T lymphocytes, by LTB4 (8) . More importantly, these authors observed that T cells that were preincubated with low concentrations ( 10-12 M) of LTB4 suppressed the mitogen response of fresh T cells.
These preliminary reports prompted us to examine in detail the role of leukotrienes in the control of polyclonal Ig production by human peripheral blood lymphocytes. We found that LTB4, but not LTC4 or LTD4, inhibits IgG and IgM production in concentrations as low as 1012 M. LTB4 induces a resting OKT8(-) T cell to become an OKT8(+), radiosensitive suppressor cell.
Methods
Preparation of lymphocytes. Peripheral venous blood was drawn in syringes that contained preservative-free heparin. Peripheral blood mononuclear cells (PBMC) were separated from heparinized blood of healthy normal donors by differential centrifugation over Ficoll-Hypaque and were washed three times with phosphate-buffered saline (PBS). Glass adherent cells were removed by incubation at 370C for 45 Monoclonal antibodies. The monoclonal antibodies OKT8 and OKT4 were used. OKT8 detects suppressor and cytotoxic T cells (9, 10) ; OKT4 is a monoclonal antibody that reacts with the helper/ inducer subset of human T cells (10, 11) . There is no overlap between OKT8 and OKT4 in peripheral blood of normal donors (12) . Subpopulations of human T cells were separated with a monoclonal antibody rosetting technique (I 1, 13) . Ox erythrocytes were coupled to affinitypurified goat anti-mouse IgG (Tago Inc., Burlingame, CA) with the chromium chloride method ( 11) and resuspended as a 0.5% suspension in RPMI 1640 with 10% FCS. After incubation for 30 min with monoclonal antibody, the T cells were washed two times with cold PBS in a refrigerated centrifuge, resuspended to a concentration of 4 x 106 cells/ml in RPMI 1640 that was supplemented with 10% FCS, and mixed with an equal volume of the sensitized ox erythrocytes. The mixture was centrifuged for 10 min at 200 g, incubated for 30 min on ice, and gently resuspended. Rosetting cells were separated from nonrosetting cells by centrifugation over Ficoll-Hypaque for 30 min at 300 g. The T cell subsets were isolated by either positive or negative selection, e.g., the OKT4-positive helper T cells were isolated as either OKT4(+) cells or OKT8(-) cells. OKT4(+) cell populations that were isolated positively were >92% OKT4(+) and <3% OKT8(+), while OKT4(+) populations that were isolated by negative selection were >90% OKT4(+) and <1% OKT8(+). OKT8(+) cell populations that were isolated positively were >90% OKT8(+) and <5% OKT4(+), while those that were isolated negatively were >86% OKT8(+) and <5% OKT4(+ PBS) . After washing the plates five times in PBS, 100 Ml supernatant from the lymphocyte incubations, diluted 1/10 in PBS with 5% gamma-globulin free bovine serum (Gibco Laboratories), was added to the wells. Standards were prepared from human serum. After 2 h incubation at room temperature (in a moisture chamber) the plates were washed five times in PBS. 100 ml of peroxidase-labeled goat antihuman IgG or anti-human IgM (Tago Inc.) were added to the wells. These antibodies were diluted to I Ag/ml with PBS that contained 5% 'y-globulin-free bovine serum. After a 1-h incubation at room temperature in a moisture chamber, the plates were washed five times with PBS, and 100 Ml freshly prepared substrate was added. The substrate was prepared by mixing 10 ml citric acid (2.3 g%) with 100 ul 0.5% H202 and 100 Ml of a 2 g% solution of 2,2'-azido-di-(3-ethyl-benzthiazolin-solfonate) (Boehringer Mannheim Biochemicals, Indianapolis, IN). The reaction was stopped after 30 min and the absorption of each well was measured in microelisa autoreader MR 580 (Dynatech Laboratories Inc., Alexandria, VA) at 415 nm, and optical densities were translated to nanograms by plotting from the standard curve. Duplicate samples were assayed and were always within 10% of each other.
Results
Effect of leukotrienes on PWM-stimulated immunoglobulin production. Fig. 1 demonstrates the effects of adding various concentrations of LTB4, LTC4, and LTD4 on IgG production in PWM-stimulated cultures of PBMC. Concentrations of LTB4 as low as 10"2 M caused small but significant inhibition of IgG production, while concentrations in the 10-81-10`l M range caused substantial inhibition. In contrast, LTC4 and LTD4 caused only a small amount of inhibition, even at 10-8 M concentrations. Analogous results were obtained with IgM production (data not shown).
Effect ofpreincubating T cells with leukotrienes on PWMstimulated immunoglobulin production. We next asked whether LTB4 was inhibiting PWM-stimulated Ig production by acting primarily on B cells or T cells. Accordingly, we measured the effect of preincubating T cells with leukotrienes, then of adding them back to fresh autologous B cells in PWM-stimulated cultures. As shown in Table I , T cells that were preincubated for 18 h with LTB4 no longer supported IgG and IgM production by autologous B cells in subsequent PWM-stimulated cultures. As little as 10-11 M LTB4 caused >30% inhibition of subsequent Ig production. Once again, LTC4 and LTD4 in high concentrations had little effect in this system.
The LTB4-induced decrease of Ig production could be due either to a decrease in T helper function or to an increase in T suppressor function. Table II shows that T cells preincubated with LTB4 suppressed Ig production in PWM-stimulated cultures of fresh, autologous B + T cells, which suggested that LTB4 inhibits Ig production by stimulating suppressor cell function.
Phenotype of suppressor T cell generated by LTB4. The data presented above suggested that LTB4 was inducing suppressor T cells. We next sought to determine the phenotype of those suppressor cells by incubating T cells with LTB4; we then separated the T cells into helper T and suppressor T cell fractions using the OKT4 and OKT8 monoclonal antibodies, and added these fractions to PWM-stimulated cultures of fresh autologous B + T cells. As shown in Fig. 2 , almost all of the suppressive activity of the T cells that were preincubated with LTB4 is contained in the OKT8(+) fraction.
Phenotype of precursor of the LTB4-induced suppressor T cell. In an analogous fashion, we next investigated the phenotype of the T cell that was induced to become an OKT8(+) (Fig. 3) , while mitomycin C pretreatment had little effect on suppressor cell generation. Similarly, exposure of T cells to 2,000 rad y-irradiation before incubation with LTB4 also resulted in an elimination of suppressor cell generation (data not shown).
Effect of LTB4 on T cell phenotype. The data presented thus far would suggest that the effector suppressor T cell generated by LTB4 is OKT8(+), while the precursor can be OKT4(+) (because incubation of OKT4(+) T cells with LTB4 results in generation of suppressor cells). Indeed when OKT4(+) cells were incubated with LTB4, then separated into OKT4(+) or OKT8(+) fractions, the suppressive activity resided entirely in the OKT8(+) fraction (Fig. 4) tibody rosetting technique. These cells were then incubated with media alone or with LTB4 at various concentrations for 18 h. After this incubation, portions of these cells were exposed to 2,000 rad irradiation, or to mitomycin C, or to nothing, and then added to PWM-stimulated cultures of fresh autologous B + T cells. The exposure of the OKT4(+) T cells that were preincubated with media to irradiation or mitomycin C had no significant effect on subsequent IgG production in the PWM cultures of the fresh autologous B + T cells to which they were added. Preincubation of OKT4(+) T This appearance of the OKT8 phenotype would appear to require new protein synthesis but not cell replication, because it is eliminated by cyclohexamide but not by mitomycin C.
Several low molecular weight hormones, most notably prostaglandin E (PGE) and histamine, have been shown to induce T suppressor cells in vitro. Webb et al. (15) reported that glass adherent mouse splenic T cells that were incubated with 10-' M PGE became suppressive of subsequent in vitro assays of humoral and cellular immunity, and this PGEinduced suppressor cell acted by secreting a suppressor factor (16) . Fischer et al. (17) has reported that 10-6 M PGE induces suppressor T cells from normal peripheral blood T cells. Other investigators have reported an analogous suppressor system activated by l0-4 M histamine (18) (19) (20) .
What was striking to us about the findings in this present report is the very low concentrations of LTB4 that were required for suppressor cell induction. As little as 1012 M caused significant inhibition of IgG production when added to PWM-stimulated cultures (Fig. 1 ) or when preincubated with T cells (Table I) . No other endogenous substance is as potent an inducer of suppressor cells. Indeed it is three to six orders of magnitude more potent than either PGE or histamine. The potency of LTB4 in inducing suppressor cells parallels its potency as a chemoattractant for polymorphonuclear leukocytes suppression. Thus, in cells that were first enriched for OKT4(+) cells, then incubated with LTB, the suppressive capability still remained in an OKT8(+) population, which suggests an OKT4 to OKT8 phenotypic switch that was stimulated by LTB4. Data represent mean±SEM for experiments on three subjects.
(4). It is interesting to contrast the extreme potency of LTB4 in suppressor cell induction with its relative lack of effectiveness in in vitro assays of cellular immunity. Payan and Goetzl (7) reported a relatively modest inhibition of PHA-induced proliferation and lymphokine generation by 10-7 and 10-6 M LTB4, with no effect of lower concentrations. Rola-Pleszczytnski et al. (8) also reported a small degree (-20%) of inhibition of PHA-or concanavalin A-induced proliferation of human lymphocytes by LTB4, but these authors found essentially no dose-response relationship, with 10-12 M LTB4 causing the same degree of inhibition (-20%) as did 10-6 M LTB4. More recently, Gualde et al. (21) have found that another lipoxygenase product, 15-hydroperoxyeicosatetranoic acid, in 10-6-M concentrations, causes induction of suppressor T cells from peripheral blood T cells. We feel that the relatively high concentration of 1 5-hydroperoxyeicosatetranoic acid that was required suggests that perhaps a metabolite such as a novel 14, 15 leukotriene is the active agent responsible for suppressor cell generation.
Incubation of OKT4(+) T cells for 18 h resulted in an increase in the percentage of cells staining with OKT8 (Fig.  5) , and this OKT8(+) population contained all of the suppressor activity (Fig. 4) 
